14-3-3 proteins are a ubiquitous, highly conserved family of chaperone proteins involved in signal transduction, regulation of cell cycle, intracellular trafficking/targeting, cytoskeletal structure, and transcription. Although 14-3-3 proteins are among the most abundant proteins in the CNS, very little is known about their functional roles in the vertebrate retina. In the present study, we demonstrated that photoreceptors express 14-3-3 protein(s) and identified a 14-3-3 binding partner in photoreceptor cells, the melatonin-synthesizing enzyme arylalkylamine N-acetyltransferase (AANAT). Importantly, our data demonstrate that the binding of 14-3-3 to AANAT is regulated by light, with dramatic functional consequences. During the night in darkness, retinal AANAT is phosphorylated and forms a complex with 14-3-3 proteins with an apparent molecular weight of ϳ90 kDa. Phosphorylation of AANAT facilitates the binding of enzyme to 14-3-3 proteins. Within the complex, AANAT is catalytically activated and protected from dephosphorylation and degradation. Light disrupts the AANAT/14-3-3 complex, leading to catalytic inactivation, dephosphorylation, and proteolytic degradation of the enzyme. In the presence of the proteasome inhibitor, lactacystin, light results in the formation of a high molecular weight complex (Ͼ150 kDa), which may represent an intermediate in the AANAT degradation process. These findings provide new insight into the roles of 14-3-3 proteins in photoreceptor cells and to the mechanisms controlling melatonin synthesis in the vertebrate retina.
Introduction
14-3-3 proteins are a family of dimeric binding proteins that interact with a wide variety of ligand proteins to regulate signal transduction, cell cycle, intracellular trafficking/targeting, cytoskeletal structure, enzyme activity, and transcription (Fu et al., 2000; Aitken et al., 2002 ). 14-3-3 proteins are very abundant in the CNS (Moore and Perez, 1967) , estimated to constitute ϳ1% of soluble protein in brain. However, the roles of 14-3-3 in retinal function are poorly understood. In Drosophila, 14-3-3 proteins have been implicated in photoreceptor development (Kockel et al., 1997) . In vertebrate photoreceptors, the only known ligand of 14-3-3 is the G ␤␥ interacting protein phosducin (Nakano et al., 2001) . Here, we examined the light-regulated interaction of 14-3-3 with another photoreceptor protein, the melatonin-synthesizing enzyme arylalkylamine N-acetyltransferase (AANAT; EC 2.3.1.87).
Melatonin is a neurohormone produced by retinal photoreceptors and pinealocytes (Lerner et al., 1958; Gern and Ralph, 1979; Falcon and Collin, 1991; Cahill and Besharse, 1992; Bernard et al., 1997; Niki et al., 1998) . Pineal-derived melatonin functions as a circulating hormone. In contrast, retinal melatonin functions locally as a neuromodulator, regulating circadian aspects of adaptation and physiology in the retinal network (Besharse et al., 1988; Green and Besharse, 2004; Iuvone et al., 2005) . The avian retina has been used extensively to study circadian control of melatonin synthesis and its receptor-mediated actions. The key regulatory step in melatonin biosynthesis is catalyzed by AANAT (Klein et al., 1997) , which exhibits a daily rhythm of expression and activity that is regulated by a circadian clock. In the chicken retina, AANAT expression and circadian clocks are both intrinsic properties of photoreceptor cells (for review, see Iuvone et al., 2005) . Rhythmic aanat gene expression is thought to be controlled by cycling components of the clock (Chong et al., 2000) . However, AANAT activity and mRNA do not change in parallel under all circumstances. For example, in diurnal lighting, the amplitude of the activity rhythm is higher than that of mRNA abundance. In addition, light exposure at night rapidly suppresses AANAT protein and activity without altering AANAT mRNA levels (Bernard et al., 1997; Iuvone et al., 2002) . These discrepancies indicate the existence of lightregulated posttranscriptional and/or posttranslational mechanisms in the control of AANAT activity in photoreceptor cells. Light acts directly on retinal photoreceptors to decrease AANAT activity and protein by a mechanism involving proteasomal proteolysis .
AANAT forms a complex with 14-3-3 proteins ). Roseboom et al. (1994) showed that 14-3-3 copurified with AANAT from sheep pineal glands. Subsequent studies demonstrated that phosphorylation-dependent binding to 14-3-3 proteins activates AANAT and protects it from proteolytic degradation (Ganguly et al., , 2005 Zheng et al., 2003 Zheng et al., , 2005 . In this study, we investigated the role of 14-3-3 complex formation in the photic regulation of AANAT in chicken photoreceptor cells. The findings of this study provide new insights into the control of AANAT and the roles of 14-3-3 in vertebrate photoreceptor cells.
Materials and Methods
Animals. Male White Leghorn chickens (Gallus domesticus) were acquired (HyLine International, Covington, GA) on the day of hatching and maintained in heated brooders in a 12 h light/dark cycle, with lights on from zeitgeber time (ZT) 0 to ZT12. They were used in experiments at 2-3 weeks of age. All manipulations on chickens and tissues under conditions of darkness were performed under dim red light (number 92 filter; Eastman Kodak, Rochester, NY). Chickens were killed by decapitation, and retinas were rapidly dissected and frozen on dry ice. The experimental protocols met the guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of Emory University.
Lactacystin (Calbiochem, La Jolla, CA) was dissolved in H 2 O and administered intraocularly to chickens anesthetized with halothane; 25 nmol were delivered into vitreous cavity of the right eye by injection through a 30 gauge syringe needle in a volume of 10 l. The left (control) eye of the chicken was injected with water. All injections were performed at ZT17.
For light treatment, chickens were put in a cage made from transparent plastic with a cool white fluorescent lamp mounted on top at ZT18. Light irradiance on the bottom of the cage was Ϸ100 W/cm 2 . Retinas were dissected after 5-60 min of the light treatment. Control animals were kept and dissected in darkness.
AANAT assay and kinetic analysis. Retinas were homogenized in 0.1 M ammonium acetate buffer containing 1.4 mM acetyl coenzyme A, 10 mM dithiothreitol, and 10% glycerol, pH 6.8; 25 l/retina of protease inhibitor mixture (Sigma, St. Louis, MO) was added to homogenization solution. After centrifugation at 15,000 ϫ g for 10 min, the supernatant fraction was used for AANAT activity measurement or gel chromatography experiments.
AANAT activity was assayed by measuring the catalytic formation of N-acetyltryptamine from tryptamine and acetyl coenzyme A with quantification of the reaction product by reversed-phase ion-pair HPLC with fluorescence detection (Thomas et al., 1990) . Unless noted otherwise, sample was incubated in the presence of 1 mM tryptamine and 1.4 mM acetyl coenzyme A for 15 min at 37°C. N-Acetyltryptamine was extracted from the reaction mixture by toluene-acidified isoamyl alcohol (99:1, v/v). Organic phase was dried under the stream of nitrogen. Residue was resuspended in HPLC mobile phase and injected into the HPLC column. Separation was performed on a Whatman (Clifton, NJ) PartiSphere C 18 5 m reversed phase analytical column (110 ϫ 4.7 mm). The mobile phase consisted of 50 mM phosphoric acid, 1 mM sodium octylsulfate, and 28% methanol (v/v) adjusted to pH 3.0 with sodium hydroxide and was pumped at a flow rate of 1.5 ml/min. N-Acetytryptamine was detected by fluorescence (excitation, 283 nm; emission, 352 nm).
For measuring AANAT activity in fast protein liquid chromatography (FPLC) fractions, a modification of the method was used. The enzymatic reaction was stopped by addition of perchloric acid (0.2 N final concentration) and, after centrifugation at 15.000 ϫ g for 10 min, supernatant was directly injected into the HPLC system. For AANAT K m and V max measurements, enzymatic activity was estimated in the presence of a range of tryptamine concentrations from 1 M to 1 mM. The experimental data were fit with the Michaelis-Menten equation using SigmaPlot 8.0 software (Systat Software, Point Richmond, CA) nonlinear regression analysis.
Protein concentration was measured by the method of Lowry et al. (1951) , using bovine serum albumin as standard.
FPLC. Soluble proteins from chicken retinas were separated by gelpermeation chromatography using a Pharmacia Biotech FPLC system and Superdex 75 10/300 GL or Superdex 200 10/300 GL columns (Amersham Biosciences, Piscataway, NJ). Before injection, samples were filtered through 13 mm polysulfone filter devices (0.2 m pore size; Whatman). Unless noted otherwise, the mobile phase consisted of 0.1 M ammonium acetate, 10 mM dithiothreitol, 10% glycerol, pH 6.8 (FPLC buffer). For chromatographic analysis, 0.5 ml fractions were collected and 67.5 l of fraction was immediately combined with 7.5 l of 14 mM acetyl coenzyme A to stabilize AANAT (Binkley et al., 1976; Namboodiri et al., 1979) . In some experiments, phosphate buffer (0.25 M, pH 6.5) was used for FPLC to promote dissociation of AANAT/14-3-3 complex.
Western blotting of proteins. FPLC fraction (350 l) was concentrated using Microcon centrifugal filter devices (Millipore, Billerica, MA), and proteins were denatured by 5 min of boiling and separated on 10% Bis-Tris Criterion XT precast gels (Bio-Rad, Hercules, CA).
Retinal samples were homogenized in FPLC buffer containing 2 mM PMSF and protease inhibitor mixture (Sigma). When anti-phospho-AANAT antiserum was used, the homogenization solution was supplemented with 1 mM NaF and phosphatase inhibitor mixtures 1 and 2 from Sigma (unless specified otherwise).
After semi-dry transfer of proteins to polyvinylidene difluoride membrane, AANAT enzyme was detected by rabbit polyclonal antibody 2992 directed against chicken AANAT 1-21 . Phosphorylated AANAT was detected with a phosphospecific rabbit polyclonal antibody 3352 directed against rat pT 31 -AANAT 22-37 (Ganguly et al., , 2005 . 14-3-3 was detected with a mouse monoclonal antibody 7A3, which detects most isoforms of 14-3-3 (R. Subramanian, H. Fu, and A. Levey, unpublished observation). Band densities were quantified using Kodak Molecular Imaging software.
Retinal AANAT coimmunoprecipitation with 14-3-3 antibody. The chicken retinas were homogenized in 0.5 ml of 0.1 M ammonium acetate buffer, pH 7.4, containing 10 mM dithiothreitol, 1.4 mM acetyl-CoA, 10 M lactacystin, and 25 l of 10ϫ protease inhibitor mixture (Sigma). After centrifugation at 15,000 ϫ g for 10 min, the supernatant was precleaned with 50 l of a 50% slurry of protein G Sepharose 4 Fast Flow (Amersham Biosciences, Uppsala, Sweden) for 1 h at ϩ4°C. The supernatant was incubated with 20 l of 14-3-3 antibody (T-16; Santa Cruz Biotechnology, Santa Cruz, CA) or normal IgG for 2 h at ϩ4°C with mixing. The antibody/protein complexes were bound to 50 l of a 50% slurry of protein G Sepharose 4 Fast Flow beads during a 2 h incubation at ϩ4°C. The beads were washed three times with ammonium acetate buffer and boiled in the presence of XT loading buffer (1ϫ final concentration; Bio-Rad). The samples were analyzed by Western blotting with AANAT protein detected with antibody 2992 directed against chicken AANAT 1-21 (1:200) . A coimmunoprecipitation was also performed from the FPLC fraction corresponding to Peak 2 (see Fig.  2 ). The FPLC separation of proteins from the dark-adapted nighttime retinas was performed as described above, except that the mobile phase was modified to make it compatible with the immunoprecipitation protocol (0.1 M ammonium acetate, 10 mM dithiothreitol, pH 7.4); 200 l of fraction was supplemented with 1.4 mM acetyl-CoA and incubated with 20 l of 14-3-3 antibody or normal IgG overnight at ϩ4°C. The antibody/protein complexes were precipitated, separated, and detected as described above for retinal extracts.
Detection of 14-3-3 proteins in photoreceptor cells. Photoreceptor cells were isolated by laser capture microdissection according to a procedure described previously Chaurasia et al., 2005) . Photoreceptor cells were dissected from five 5 m sections of chicken retina using a PixCell IIe laser capture microdissection system (Arcturus Engineering, Mountain View, CA) (see Fig. 3A -C). The film containing dissected tissue was incubated in 20 l of T-Per tissue protein extraction reagent (Pierce Biotechnology, Rockford, IL) for 20 min at ϩ4°C. The sample was supplemented with XT loading buffer (1ϫ final concentration; Bio-Rad), boiled for 5 min, and analyzed by Western blotting with anti-14-3-3 mouse monoclonal antibody 7A3, as described above.
Investigation of the AANAT/14-3-3 complex with synthetic peptides. All peptides were synthesized by the Emory University Microchemical Facil-ity. Peptides were purified by HPLC, and their identity was verified by MALDI mass spectrometric analysis. Sequences of peptides are presented in Table 1 .
Statistical analysis. The effect of light and lactacystin in vivo on AANAT kinetic parameters was assessed by two-way ANOVA. One-way ANOVA was used for the analysis of FPLC experimental results. Repeatedmeasures ANOVA (RM-ANOVA) was used when applicable. When ANOVA revealed the existence of statistically significant differences between groups, pair-wise comparisons were done by Student-NewmanKeuls test. When an experiment had only two groups to compare, Student's t test was used.
Results
Light regulates apparent K m and V max of AANAT in the chicken retina Exposing chickens to light in the middle of the night increased the apparent K m of AANAT for tryptamine by ϳ10-fold ( Fig. 1 A) (two-way ANOVA; p Ͻ 0.001). The K m began to increase within 5 min of exposure to light and reached a maximum at ϳ30 min. Treatment with lactacystin, a specific inhibitor of proteasomal proteolysis, did not affect the K m of the enzyme. The apparent K m in the middle of the day (in light) was intermediate when compared with the K m values of the enzyme from nighttime darkadapted retinas and after acute exposure to light.
The V max of retinal AANAT decreased by ϳ30% after 15 min of light exposure (Fig. 1 B) (two-way ANOVA; p Ͻ 0.05) and continued to decline thereafter. Lactacystin treatment antagonized the effect of light on AANAT V max ( p Ͻ 0.05). The V max of AANAT was very low in daytime samples, consistent with the low levels of retinal melatonin in the daytime (Hamm and Menaker, 1980) .
Retinal AANAT occurs in three fractions with distinct apparent molecular weights
When soluble proteins from nighttime dark-adapted retina (ZT18) were separated by gel permeation chromatography on a Superdex 75 10/300 GL column, most of the activity was eluted as a peak with apparent molecular weight of ϳ80 -100 kDa (Fig.  2 A) . The predicted molecular weight of chicken AANAT is 23 kDa (Bernard et al., 1997) . Thus, AANAT in dark-adapted retina appears to exist in a protein complex.
In extracts of lactacystin-treated retinas exposed to light for 45 min, AANAT activity in the ϳ80 -100 kDa peak declined, and two more peaks with significant AANAT activity became distinguishable (Fig. 2 B) . One of these has a high apparent molecular weight (Ͼ150 kDa). The molecular weight of the third peak corresponded to free monomeric AANAT, ϳ23 kDa. In an attempt to better characterize AANAT in the first peak from lighttreated retinas, proteins were separated on a Superdex 200 10/300 GL column. However, a distinct peak 1 was not obtained, although peaks 2 and 3 were well resolved (Fig. 2C) . Rather than being associated with a single size fraction, AANAT activity corresponding to peak 1 was recovered in a large range of fractions (150 to Ͼ670 kDa), suggesting that peak 1 is not homogenous.
Several buffers were used for the mobile phase in gel permeation chromatography; it was found that 0.25 M potassium phosphate buffer, pH 6.5, commonly used for AANAT enzyme assay (Hamm and Menaker, 1980; Thomas et al., 1990) , caused dissociation of the ϳ80 -100 kDa AANAT complex but did not affect peak 1 (Fig. 2 D) .
The apparent K m for tryptamine of AANAT in peak 2 was 15-20 times lower than the K m of the free enzyme (peak 3) or the high molecular weight AANAT fraction (peak 1) ( Table 2) . We next compared the V max of AANAT in extracts of darkadapted retinas prepared in ammonium acetate buffer, which preserves the AANAT complex from peak 2, or in phosphate buffer, to dissociate it (Fig. 2 E) . The V max in phosphate buffer was 3.4-fold higher than that in ammonium acetate, suggesting that the free form of the enzyme has a higher V max than the enzyme in peak 2.
Peak 2 contains AANAT complexed with 14-3-3 Recombinant phosphorylated ovine AANAT forms a complex with 14-3-3 that migrates in gel filtration chromatography with an apparent molecular weight of ϳ90 kDa ), similar to peak 2 from retinal extracts. Chicken AANAT, like ovine AANAT, contains a consensus 14-3-3 binding motif with an embedded protein kinase A (PKA) phosphorylation site, RRHpTLPAS (Bernard et al., 1997) . We therefore investigated whether 14-3-3 proteins are expressed in chicken photoreceptor cells and whether peak 2 represents an AANAT/14-3-3 complex.
We identified 14-3-3 by Western blot analysis of proteins from photoreceptor cells isolated by laser capture microdissection of frozen sections of retina (Fig. 3) . The observation that 14-3-3 proteins are detectable in such a small amount of tissue (photoreceptors from five 5-m-thick sections were pooled together) indicates that 14-3-3 proteins are abundant in photoreceptors and are likely to play a major role in photoreceptor physiology.
To determine whether chicken retinal AANAT binds directly to 14-3-3, coimmunoprecipitation experiments were conducted. Figure 4 , A and B, shows that AANAT was immunoprecipitated from extracts of dark-adapted retina and the FPLC fraction corresponding to peak 2 of AANAT activity by rabbit anti-14-3-3 but not by normal rabbit IgG.
To further confirm that peak 2 represents the AANAT/14-3-3 complex, extracts from dark-adapted retinas were incubated for 16 h with R18 (10 M), a peptide that specifically inhibits 14-3-3 interactions by occupying the 14-3-3 binding groove (Petosa et al., 1998; Wang et al., 1999) . Incubation of retinal proteins with R18 peptide before FPLC separation caused significant degradation of the ϳ80 -100 kDa AANAT complex, as evidenced by the large decrease of AANAT activity in peak 2 (Fig. 4C ) (n ϭ 5 Figure 2 .
Figure 3. 14-3-3 proteins are expressed in chicken photoreceptor cells. The photoreceptor cell layer was dissected from darkadapted chicken retina by laser capture microdissection. Photoreceptors from five 5-m-thick sections were pooled together, and proteins were extracted as described in Materials and Methods. A, Representative retinal sections before and after dissection of photoreceptor cell layer. B, Western blot analysis of protein extract. 14-3-3 proteins were detected with pan-14-3-3 7A3 antibody (1:5000). Molecular weight standards are indicated on the left. RPE, Retinal pigment epithelium; PH, photoreceptor cell layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer. . AANAT and 14-3-3 proteins form a complex in chicken retina. A, B, AANAT was coimmunoprecipitated from protein extract of dark-adapted retina (A) and FPLC fraction corresponding to peak 2 of AANAT activity (B) with rabbit anti-14-3-3 but not with normal rabbit IgG. AANAT was detected with rabbit antibody 2992, directed against chicken AANAT 1-21 (1:200) . Molecular weight standards are shown on the left. These experiments were replicated twice with similar results. C, Incubation with R18 peptide causes dissociation of ϳ80 -100 kDa peak and reduced total enzyme activity. Protein extracts from nighttime darkadapted retinas were incubated in the presence of 10 M lactacystin, 20 M R18, or scrambled peptide for 16 h at ϩ4°C. Separation was performed on a Superdex 75 10/300 GL column. Chromatographic profiles representative of results from five separate experiments are shown.
experiments; p Ͻ 0.005; paired Student's t test). In addition, phosphorylated pT 29 -AANAT and 14-3-3 protein coelute in peak 2 from dark-adapted retinal extracts (Fig. 5) . Coupled with the coimmunoprecipitation results (Fig. 4 B) , these findings indicate that peak 2 represents a complex of phosphorylated AANAT with 14-3-3 proteins. It is noteworthy that a small amount of pT 29 -AANAT was observed in the monomeric peak from dark-adapted retinas, indicative of a dynamic equilibrium between the 14-3-3 bound and unbound forms of phosphorylated AANAT.
The effect of light treatment on retinal AANAT forms
Exposure to 45 min of light at night caused nearly complete degradation of AANAT protein and loss of activity in all three fractions (Figs. 5 and 6, respectively). The loss of AANAT protein and activity was partially prevented by pretreatment with lactacystin. Lactacystin treatment does not affect the AANAT-14-3-3 complex/free AANAT ratio (Fig. 6 F) . These results are consistent with the results of total AANAT V max measurements in retinal supernatant ( Fig. 1) and provide an explanation for light-induced changes in AANAT K m (i.e., light causes dissociation of the AANAT/14-3-3 complex). Observations presented here (Fig. 2 E,  Table 2 ) and in the literature indicate that free AANAT has a higher apparent K m and V max than does 14-3-3-bound AANAT.
Light treatment caused a ϳ2.5-fold increase in the AANAT activity associated with the high molecular weight peak 1 but only when proteasomal proteolysis was inhibited (Fig. 6 B) .
The effect of light treatment on retinal AANAT phosphorylation
Western blot analysis was used to estimate the pT 29 -AANAT/ total AANAT ratio in dark-adapted and light-treated chicken retinas (Fig. 7) . Retinas were homogenized in ammonium acetate buffer containing a phosphatase inhibitor mixture to minimize AANAT/14-3-3 complex dissociation and enzyme dephosphorylation. Light treatment (30 -45 min) decreased the proportion of AANAT phosphorylated on Thr-29 by 60%; normalized phosphorylated AANAT/AANAT ratio was 1.00 Ϯ 0.24 and 0.40 Ϯ 0.07 for dark adapted and light exposed retinas, respectively (n ϭ 7; p Ͻ 0.05; Student's t test). This result is indicative of enhanced dephosphorylation during light exposure.
14-3-3 proteins protect AANAT from dephosphorylation and degradation
Supernatant fractions from dark-adapted retinas were either denatured in SDS sample buffer immediately after centrifugation or were incubated for 1 h at 4°C with or without R18 peptide, which dissociates the AANAT/14-3-3 complex (Fig. 4) , before proceeding with Western blot analysis. Phosphatase inhibitors were not Figure 5 . Western blot analysis of AANAT and 14-3-3 proteins from FPLC separations. Proteins from nighttime dark-adapted (ZT18), light-treated lactacystin-injected (45 min of light at ZT18, 25 nmol of lactacystin/eye), and light-treated vehicle-injected retinas were separated by FPLC on a Superdex 75 10/300 GL column. Two retinas were used for each separation. Fractions corresponding to the three peaks of AANAT activity were concentrated and subjected to Western blot analysis as described in Materials and Methods. The same blot was labeled with antibodies specific to pan-AANAT (antibody 2992, 1:200), phospho-AANAT (pT 29 -AANAT; antibody 3352, 1:100), and 14-3-3 proteins (7A3, 1:5000). The approximate molecular weights of the bands are shown. This experiment was repeated twice with similar results. ; 1:100) proteins was measured in retinas from nighttime dark-adapted retinas and from retinas of chicks exposed to 30 -45 min of light at night. Chickens were injected with lactacystin intraocularly (25 nmol/eye) 1 h before light treatment. Representative Western blots from three independent samples in darkness and three independent samples exposed to light and an approximate molecular weight of the bands are shown.
added to homogenization solutions in this experiment to allow dephosphorylation of AANAT to occur. In control samples, AANAT protein was mostly preserved during the incubation. In contrast, AANAT protein decreased by ϳ50% when the AANAT/ 14-3-3 complex was dissociated (Fig. 8) . This is consistent with previous findings that 14-3-3 proteins protect AANAT from degradation (Zheng et al., 2003 (Zheng et al., , 2005 . Similarly, pT 29 -AANAT immunoreactivity was preserved during the incubation in control samples but completely disappeared in the samples incubated with R18. Similar results were obtained when the AANAT/14-3-3 complex was dissociated with phosphate buffer (data not shown). Thus, binding to 14-3-3 proteins protects AANAT from dephosphorylation.
PKA phosphorylation sites Thr-29 and Ser-203 play a role in AANAT binding to 14-3-3 proteins
The role of Thr-29 and Ser-203 was investigated using phosphorylated and unphosphorylated AANAT peptides containing these sequences (Table 1) . These two sequences correspond to those in ovine AANAT that mediate binding to 14-3-3 (Ganguly et al., , 2005 Zheng et al., 2003 Zheng et al., , 2005 .
Incubation of extracts of dark-adapted retina with the N-terminal pT 29 -AANAT22-37 peptide caused dissociation of AANAT/14-3-3 complex and enzyme degradation (Fig. 9A ) (one-way RM-ANOVA; p Ͻ 0.01; Student-Newman-Keuls, p Ͻ 0.05). Neither the unphosphorylated N-terminal peptide nor the scrambled peptide had a statistically significant effect. In contrast, incubation with C-terminal pS 203 -AANAT195-205 alone had no effect on enzyme activity associated with the AANAT/14-3-3 peak but elicited small decreases in the activity of the free AANAT peak and in total AANAT activity (Fig. 9B ) (one-way RM-ANOVA, p Ͻ 0.01; Student-Newman-Keuls, p Ͻ 0.05). Because the experiment with C-terminal AANAT peptides did not clarify the role of C-terminal phosphorylation site in enzyme binding to 14-3-3, we tested different combinations of phosphopeptides and nonphosphopeptides studying the cumulative effect of Thr-29 and Ser-203 phosphorylation on 14-3-3 binding (Fig. 9C) . The effect on the AANAT/14-3-3 complex and enzyme degradation was most pronounced in the presence of both phosphorylated peptides (one-way RM-ANOVA, p Ͻ 0.01; StudentNewman-Keuls, p Ͻ 0.05).
cAMP and PKA favor the formation of the AANAT/14-3-3 complex To study the role of the cAMP/PKA pathway in AANAT regulation, retinal extracts were incubated with ATP, PKA, and 8-BrcAMP in the presence of Mg 2ϩ . The incubation with ATP alone increased the enzyme activity in the free AANAT peak (Fig.  10 A, B) (one-way RM-ANOVA, p Ͻ 0.05; Student-NewmanKeuls, p Ͻ 0.05). Exogenous catalytic subunit of PKA and 8-BrcAMP, apparently acting via endogenous PKA, both enhanced the association of AANAT with 14-3-3 proteins, resulting in an increase in the enzyme activity in the Ϸ80 -100 kDa peak (oneway RM-ANOVA, p Ͻ 0.05; Student-Newman-Keuls, p Ͻ 0.05).
Discussion
In chicken retina, AANAT is expressed primarily in photoreceptor cells (Bernard et al., 1997) . The current study shows that 14-3-3 protein is also expressed in chicken photoreceptors and that AANAT in dark-adapted retina is bound to 14-3-3. This interaction is regulated by light and phosphorylation. Phosphorylation of AANAT in darkness promotes the association with 14-3-3, which decreases the K m of the enzyme for substrate and protects the enzyme from dephosphorylation and degradation. Light exposure results in dephosphorylation of AANAT and dissociation from the complex with 14-3-3 proteins, thereby increasing the K m of the enzyme. Dissociation of the complex leads to subsequent proteasomal proteolysis of AANAT.
A novel observation of the present study is that the apparent K m of AANAT for substrate is regulated by light exposure. Light exposure at night increased the apparent K m ϳ10-fold. Previously, the available evidence indicated only that light-evoked physiological changes in AANAT activity in retina and pineal were attributable to protein degradation (Gastel et al., 1998; Schomerus et al., 2000; Zatz et al., 2000; Falcon et al., 2001; Iuvone et al., 2002) . A physiological effect of 14-3-3 binding on the K m of AANAT for amine substrates was inferred based on studies using expressed protiens Ganguly et al., 2001 Ganguly et al., , 2005 . The current results provide new insight on a mechanism whereby light can rapidly downregulate melatonin synthesis. Other related novel observations are that AANAT in retina exists in at least three physical states with distinct apparent molecular weights and kinetic characteristics and that these physical states exist in a dynamic equilibrium that is regulated by light. When retinal proteins were subjected to gel permeation chromatography, AANAT eluted in three peaks corresponding to the monomeric enzyme, an AANAT/14-3-3 complex, and a high molecular weight form of unknown identity. In darkness, most AANAT activity is found in the peak corresponding to the AANAT/14-3-3 complex, which decreases after light exposure. In lactacystintreated retinas, this effect of light is associated with corresponding increases in the high molecular weight peak of AANAT and in the ratio of free AANAT to AANAT/14-3-3 complex. The shift in equilibrium of these AANAT forms appears to be responsible for the light-evoked increase of apparent K m for substrate observed in retinal homogenates; the apparent K m values measured in the free AANAT peak and the high molecular weight AANAT peak are Ͼ10-fold higher than that measured in the AANAT/14-3-3 peak.
The apparent K m of AANAT depends on the [AANAT/14-3-3 complex]/free AANAT ratio, which is affected by two factors: complex dissociation and free enzyme degradation. In darkness, the apparent K m is low, because the ratio is high. Acute light at night dissociates the complex and increases the concentration of free AANAT, resulting in a high apparent K m . With prolonged Figure 8 . Binding to 14-3-3 proteins protects AANAT from degradation and dephosphorylation. Nighttime dark-adapted retinas were homogenized in ammonium acetate buffer not supplemented with phosphatase inhibitors. After centrifugation at 15,000 ϫ g for 10 min, R18 peptide (50 M) or vehicle was added to supernatant fractions. The samples were either immediately denatured in SDS sample buffer or incubated for 1 h at ϩ4°C before denaturation. The relative abundance of AANAT and pT 29 -AANAT was assessed by Western blot analysis. Dissociation of AANAT/14-3-3 complex by R18 caused a reduction in total AANAT and virtually complete disappearance of pT 29 -AANAT. The approximate molecular weights of the bands are shown. This experiment was repeated twice with similar results.
light exposure, proteolytic degradation of the free enzyme causes a decrease in V max . In the daytime, most of the free enzyme is already degraded; hence, the lower V max . The remaining enzyme, mostly protected from degradation by 14-3-3, has an apparent K m that is intermediate between that in darkness and that after acute light exposure (Fig. 1) .
Previous chromatographic analyses have shown that rat pineal AANAT (Namboodiri et al., 1987) and recombinant human AANAT ) separate into two peaks that also correspond to 14-3-3-complexed and free enzyme, suggesting that similar mechanisms may be operative in regulating activity of these mammalian AANATs. However, it should be noted that the high molecular weight form of AANAT has not been reported previously. In our experiments, this form was only observed in appreciable amounts in extracts of light-exposed retinas that had been treated with the proteasome inhibitor lactacystin (Fig. 6) . This observation suggests that the high molecular weight AANAT may represent enzyme targeted to the proteasome and that it does not accumulate in the absence of proteasomal inhibition because of rapid degradation. This high molecular weight peak of AANAT activity separates over a broad range of apparent molecular weights, from ϳ150 to Ͼ670 kDa (Fig.  2C) , suggesting that it is heterogeneous, possibly representing polyubiquitinated enzyme. However, because the peak contains a 23 kDa band of AANAT (Fig. 5) , AANAT does not appear to be ubiquitinated. Rather, it may be bound to a variety of proteins, perhaps components of the proteasomal degradation pathway. Another possibility is that AANAT molecules in the high molecular weight peak may be denatured to varying degrees, altering their mobility on the gel permeation column. Alternatively, the 23 kDa band may be AANAT that underwent deubiquitination while being concentrated and prepared for Western blot analysis.
Light induces AANAT dephosphorylation of the N-terminal PKA site in retina (Fig. 7) . Phosphorylation is essential for ovine AANAT binding to 14-3-3 (Ganguly et al., , 2005 . Incubation of retinal extracts with the catalytic subunit of PKA or with 8-Br-cAMP favors the formation of the AANAT/14-3-3 complex (Fig. 10) , probably by phosphorylation of Thr-29 and Ser-203. Using synthetic peptides corresponding to the N-and C-terminal phosphorylation sites, we observed that only peptides containing phosphorylated PKA sites were able to dissociate retinal AANAT/14-3-3 complex and initiate AANAT degradation (Fig. 9) . The effect of phosphorylated C-terminal peptide alone was much less prominent when compared with N-terminal peptide, the ability of which to dissociate the complex was potentiated by the phosphorylated C-terminal peptide when used in combination. Thus, phospho-Thr-29 has more impact on the affinity of AANAT for 14-3-3 than does phospho-Ser-203.
Phosphorylation of AANAT promotes binding to 14-3-3, protecting the enzyme from degradation. In addition, we have shown that 14-3-3 protects AANAT from dephosphorylation, as suggested previously . Dissociation of the AANAT/14-3-3 complex in retinal extracts with R18 or phosphate buffer resulted in complete dephosphorylation of the enzyme, even at 4°C (Fig. 8) . Figure 9 . The role of Thr-29 and Ser-203 phosphorylation in the formation of AANAT/14-3-3 complex. After homogenization in ammonium acetate buffer and centrifugation at 15,000 ϫ g for 10 min supernatant fractions from dark-adapted nighttime retinas were incubated in the presence of 100 M phosphorylated and nonphosphorylated AANAT-specific peptides (Table 1) for 16 h at ϩ4°C and separated by FPLC on a Superdex 75 10/300 GL column. Scrambled peptides were used as a control. Representative FPLC profiles, peak square data, and statistical evaluation are shown for each treatment. The thin arrows on FPLC profiles indicate the location of molecular weight standards; from left to right: 128 kDa, 44 kDa, and 17 kDa. A, N-terminal AANAT-specific and control (NCTRL) peptides. B, C-terminal AANAT-specific and control (CCTRL) peptides. C, Combination of N-terminal and C-terminal AANAT-specific peptides. *p Ͻ 0.05 when compared with scrambled peptide control group; † p Ͻ 0.05 when compared with phospho-AANAT22-37 ϩ AANAT195-205 group; Student-Newman-Keuls method following one-way RM-ANOVA, p Ͻ 0.01. Values are means Ϯ SEM (n ϭ 3). 
